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ABSTRACT : The bioprotective nature of disaccharides is hypothesized to derive from the 
modification of the hydrogen bonding network of water which protects biomolecules through 
lowered water activity at the protein interface. Using ultrafast fluorescence spectroscopy we 
measured the relaxation of bulk water dynamics around the induced dipole moment of two 
fluorescent probes (Lucifer Yellow Ethylenediamine and Tryptophan). Our results indicate a 
reduction in bulk water reorganization rate of approximately of 30%. We observe this retardation 
in the low concentration regime measured at 0.1M and 0.25 M, far below the onset of glassy 
dynamics. This reduction in water activity could be significant in crowded biological systems, 
contributing to global change in protein energy landscape, resulting in a significant enhancement 
of protein stability under environmental stress. We observed similar dynamic reduction for two 
disaccharide osmolytes, sucrose and trehalose, with trehalose being the more effective dynamic 
reducer. 
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 The importance of the physiochemical interactions of solvent molecules in regulating 
protein and biomolecular structural dynamics cannot be understated. Solvent molecules regulate 
protein folding and conformational stability by acting as a plasticizer, and it has been demonstrated 
that the dynamic behavior of a protein follows that of the hydration dynamics of the solvent [1, 2].  
The maintenance of protein structure and activity in the cellular environment is carefully controlled 
by the relative concentration of small molecular osmolytes. These osmoprotectant molecules 
influence protein structure indirectly by regulating water activity and hydration dynamics. Small 
molecular solutes that influence water structure and dynamics can be roughly categorized into two 
groups labelled: kosmotrope and chaotrope. Kosmotrope is a term used to describe molecules that 
stabilize protein structures through changes in water structure (“structure makers”), whereas 
chaotropes destabilize protein structures (“structure breakers”) [3]. A few examples of 
kosmotropic molecules are disaccharides, polyols, amino acids, and methylamines.  
Disaccharide molecules, which are the focus of the current study, protect protein structures 
under a range of physical stresses including cryogenic temperature [4, 5], elevated temperature [6-
10], dehydration [11-15], and excessive salinity [15-17]. Disaccharides are compatible osmolytes, 
meaning they do not perturb the native structure of proteins, nor are they limited to a particular 
structural folding motif or sequence; this makes them particularly useful for pharmaceutical and 
industrial purposes. Trehalose is the most effective disaccharide cryoprotectant and kosmotrope 
known. Trehalose is a non-reducing disaccharide of glucose linked through an α,α-(11)-
glycosidic bond, and is more effective at protecting biomolecular structure than other chemically 
similar disaccharides such as sucrose and maltose. A number of models have been proposed to 
explain the bioprotective properties of disaccharides. However, a complete picture of the physical 
mechanism of protection of protein structures remains elusive.  
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Several hypotheses have been formulated to explain the bioprotective effectiveness of 
disaccharides including the vitrification, preferential interaction, and water replacement models 
[18]. The water replacement model applies only to systems under conditions of extreme 
dehydration. In this model trehalose preferentially solvates biomolecules, thereby replacing water 
in the hydration layer [18].  There is no evidence for a direct interaction between proteins and 
disaccharides in the hydrated state, and in fact it has been demonstrated that disaccharides are 
preferentially excluded from the protein hydration layer [19]. Therefore we do not consider this 
model relevant to protein structural maintenance living systems under physiological conditions as 
presently studied. Both the vitrification and preferential solvation models imply that the 
disaccharides promote protein stability by slowing hydration dynamics and reducing water 
activity. There is ample experimental data to indicate retarded water dynamics within the hydration 
layer of disaccharides, including Terahertz spectroscopy [20], Quasi-Elastic Neutron Scattering 
(QENS) experiments [21], Dynamic light scattering experiments [22, 23], and NMR spectroscopy 
[24].  The vitrification model however, cannot explain the poor biopreservation properties of 
highly viscous (high glass transition temperatures) tetrasaccharides which share many of the 
physiochemical properties of the bioprotective disaccharides [25, 26]. 
The preferential solvation model attributes the protective properties of disaccharides to strong 
cosolute-water interactions, which dramatically reduces water-water interaction in the bulk as well 
as water activity at the surface of the protein. Experimental evidence for preferential solvation 
exists in the Raman scattering signal for water-disaccharide mixtures [27, 28]. The results 
demonstrate an exceptional disruption of the hydrogen bonding network for trehalose 
concentrations above 30 wt %. Accordingly, it is hypothesized that trehalose reorders the bulk 
hydrogen bonding network more effectively than other solutes, resulting in dramatically slower 
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dynamics and reduced water activity. This work also implies the existence of a critical disaccharide 
concentration beyond which the tetrahedral hydrogen bond network of water is significantly 
disrupted. We note however, that the structural enhancement afforded by trehalose for proteins 
under thermal stress appears linearly dependent upon the sugar concentration, (see Figure 1) to 
concentrations well below those observed in the Raman scattering work.  
The difference between the hydration of various disaccharides has also been probed by 
molecular dynamics simulation [27-32]. Two studies in particular have compared disaccharides of 
glucose that differ only in their glycosidic bonds. Choi et al. compared 13 different disaccharides 
and found that trehalose was the most effective dynamic reducer of solvation layer dynamics [29]. 
They attributed this result to the rigidity of the molecule and the highly anisotropic distribution of 
water in the hydration layer. Vila Verde et al. also observed a superior reduction of water mobility 
in the solvation layer of trehalose, which they attribute to the topology of the molecule hindering 
water rotation in the solvation layer [32]. Both groups however, conclude that these effects should 
only impact dynamics in the first two hydration shells of the disaccharide and thus would not 
account for enhanced bio-protection by trehalose. Thus, there appears to be a disconnect between 
the biological enhancement of protein stability and the current measurements of water structure 
and bulk activity. 
Importantly, most previous experiments have probed water dynamics near the 
disaccharide, but do not attempt to measure hydration dynamics far from the disaccharide surface. 
The current study compares the hydration of a small probe solutes in various low concentrations 
of trehalose and sucrose. We use fluorescence frequency up-conversion to measure the relaxation 
of water around the excited state of two fluorophores: a dye molecule Lucifer yellow 
ethylenediamine (LYen) and the naturally fluorescent amino acid tryptophan. 
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Schematic 1.  Chemical structure of molecules used in this work. 
Disaccharide Protection Against Thermal Stress. The linear dependence of the melting 
temperature as a function of disaccharide concentration has been previously reported for multiple 
protein models [6-10, 33, 34]. We verified this trend for both sucrose and trehalose using circular 
dichroism spectroscopy on a model protein system Staph Nuclease (SN). While both trehalose and 
sucrose stabilize the native structure of protein against thermal stress, trehalose appears to have a 
slightly larger slope as a function of increasing concentration, see figure 1. Trehalose increases the 
melting temperature approximately 9 oC/M, while sucrose gives an increase of approximately 7 
oC/M. If we take the onset of glassy dynamics to be the concentration at which bulk viscosity 
increases non-linearly, then for both trehalose and sucrose this onset is found at concentrations 
close to 1.0 M. However, we can see from figure 1 that even though error bars are large there is a 
significant enhancement in protein stability even at concentration as low as 0.05 M, which is over 
an order of magnitude lower than that predicted by a vitrification model. We focused our 
experiments around the low concentration regime to see if there was a notable difference in water 
mobility, which would be an indicative of dynamic inhibition of the hydrogen bonding network in 
the bulk caused by these disaccharides.  
 7 
 ` 
Figure 1. Melting temperatures for the enzyme Staph Nuclease as a function of increasing 
concentration of trehalose and sucrose. 
Measurement of Hydration Dynamics. Changes in the dynamic activity of water are probed 
using the dynamic Stokes shift of fluorescent probes. In order to accurately reflect the changes in 
solvation, the probe spectral properties cannot be impacted by the presence of the disaccharide co-
solute. We measured the steady state emission spectra, absorption spectra, and the lifetime of LYen 
and Tryptophan for disaccharide concentrations of 0M, 0.1M and 0.25M, see figure S1 in 
supporting information. No difference in emission/absorption spectrum or lifetime was found, this 
suggests that the disaccharide is not directly interacting with the probe, and any change in the 
probe dynamics is not due to an alteration of the excited state electronic configuration or solvent 
exposed area of the probe.  
Fluorescence frequency up-conversion was used to measure dynamic changes due to bulk 
hydration dynamics. Details on the two experimental detection schemes are given in the 
supplementary information. We measured the fluorescence transients of LYen at ten wavelengths 
 8 
across the spectrum for 0M, 0.1M and 0.25M concentrations of trehalose and sucrose. We observe 
a fast decay on the blue side of the fluorescence maximum with concomitant rise on the red side 
of the spectrum indicative of solvation of the excited state [35],figure 2. In order to improve the 
signal quality, check for sample variation, and eliminate background noise we measured multiple 
samples and used signal averaging to arrive at the reported hydration values. The use of a lock-in 
amplifier creates a time average of the signal level at each delay stage position.  By collecting the 
signal intensity as a function of time we collect a fluorescence transient at a particular signal 
frequency; 20-80 such transients were averaged to eliminate the influence of laser fluctuation and 
other systematic error. A minimum of two sets of data were taken independently and analyzed in 
order to insure reproducibility among independent measurements. Finally, the obtained time 
constants from these data sets were averaged for each concentration. The values obtained for LYen 
were highly repeatable with fairly low uncertainty in the hydration time constants.  
We analyzed our data using global fit (GF) of transients by one Gaussian and three 
exponentials (two solvation components and one lifetime component) convoluted with the 
instrument response function, figure 2-a. This form of spectral response has been widely 
investigated [36-39], and the attribution of these relaxation modes are discussed specifically for 
LYen by Vauthey et al. The results from the global fit for all LYen samples are given in table 1. 
We are most interested in the solvent hydration which is described by the picosecond relaxation 
time-scale. The lifetime component of 6.0 ± 0.1 ns was independently measured on a Time 
Correlated Single Photon Counting (TCSPC) apparatus and was fixed during the global fitting for 
all samples of LYen.  
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Figure 2.a) LYen fluorescence up-conversion transients for wavelengths across the spectrum 
(points) and their Global fit (solid line) b) Amplitudes for global fit time-constants (a0, a1, a2, a3 
are the amplitudes of Gaussian, fs, ps and ns time constants respectively) c) Example up-
conversion transients for various concentrations of disaccharides at 460 nm (fast decaying curves) 
and at 640 nm (slow rising curves). d) Increase in solvation time constant of LYen with respect to 
disaccharide concentration.  
 
The measured up-conversion transients and their global fits for LYen in pure water are 
shown in figure 2-a. For LYen in water we observed two solvation components on time scale of 
~390fs and ~1.69 ps. The shorter (~fs) component is due to vibration and libration energy loss [35, 
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40, 41]. The few ps component is due to the solvation of probe by water [35, 40, 41]. From figure 
2-b we see the amplitude of the femtosecond and picosecond time constants changes sign from the 
blue to the red side of spectrum, the signature of solvation [35, 39]. The amplitudes of lifetime 
component remain positive across the spectrum, as expected.  This approach to measuring 
solvation has been widely applied to analyse changes in water accessibility and hydrogen bond 
network dynamics [42-45]. 
 
Figure 2-c displays representative transients for the probe molecule LYen in the presence 
of the two disaccharide co-solutes. In presence of the sugars, the solvation of the excited state takes 
place at a slower rate on both the blue and the red side of the spectral maximum. The difference is 
small, but detectable across the fluorescence spectrum. We measured a solvation time constant of 
1.99±0.04 ps for trehalose and 1.73±0.04 ps for sucrose at a concentration of 0.1 M,  and 2.18±0.05 
ps for trehalose and 1.91±0.05 ps for sucrose at a  concentration of 0.25 M. This is an indicative 
of distinct retardation of dynamics in the bulk water by ~30% for trehalose and ~15% for sucrose 
at 0.25M concentration. We observed an increase in solvation time constant with respect to 
disaccharide concentration as shown in figure 2-d. Trehalose appears to have larger slope than 
sucrose similar to the melting curve presented for Staph Nuclease, Figure 1; which is consistent 
with water mobility influencing the stability of protein structures as suggested by preferential 
solvation model. 
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Figure 3. Spectral relaxation of tryptophan at 0.1 M concentration of disaccharides a) Trehalose 
b) Sucrose 
As a further exploration of the change in water activity around a solvated biomolecule, we 
chose to measure the Stokes shift around the naturally fluorescent amino acid tryptophan. This 
probe has excitation absorption maxima in the ultraviolet range, which is outside the doubled 
frequency range of the apparatus used for LYen. The full spectral response for both sucrose and 
trehalose at 0.1 M is shown in figure 3. In order to extract solvation relaxation, the Time Resolved 
Emission Spectrum (TRES) at each delay time was fit with an asymmetric lognormal function. We 
extract the first moment of this fit, and use it to monitor the spectral relaxation as a function of 
time as shown in figure 4. 
 12 
 
Figure 4. Spectral relaxation of tryptophan plotted as function of time for 0.1 M trehalose and 0.1 
M sucrose solutions; the error in the spectral fit is comparable to the size of the data point. A three-
exponential fit convoluted with Gaussian IRF accurately represents the relaxation as shown (solid 
lines). 
 The shift in the spectral maximum of TRES is directly correlated to solvation dynamics of 
tryptophan. We fit the relaxation curve with a three-exponential function convoluted with a 
Gaussian IRF of 250 fs in order to extract the solvation relaxation time constants. We use a fixed 
time constant of 3 ns representing vibration and solvation of water around the probe. Using this 
method we observed a solvation time constant of 1.4±0.2 ps for trehalose 1.46±0.4 ps for sucrose. 
Previously, Bräm et al. have reported a solvation time constant of 1.02±0.12 ps for tryptophan in 
pure water [46]. We found the vibration component remains unchanged in the presence of sugars, 
however the retardation in the hydration relaxation time constant around tryptophan corresponds 
to a substantial decrease in dynamic activity of water in the bulk. This supports our observation in 
LYen that both disaccharides were successful in altering the dynamic activity of water in the bulk, 
far away from disaccharide hydration layer.  
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Our results significantly extend the range at which retardation of hydration dynamics have 
to be detected. They complement with work done at much higher concentrations where the 
hydration layer of cosolute are significantly overlapped. For example, Raman measurements of 
the water hydrogen bond angle are distorted for sugar concentrations above 1.0 M [27, 28]. More 
recently the observations made by Sajadi et al. [20] suggest that for 0.4 M concentration of 
trehalose the solvation dynamics in the bulk are identical to those of a terahertz probe which is 
covalently bound to trehalose. From these results they predict that the retardation of hydration 
dynamics should extend well beyond the solvation layer of the sugar. Our results support this 
prediction by showing retardation in bulk hydration dynamics in the low sugar concentration 
regime for solvated fluorescent probes. At this concentration (0.1M), the average distance between 
molecules is approximately 21 Å which corresponds to ~7 layers of water [47]. 
 
This result is consistent with the categorization of these disaccharides as compatible co-
solutes which are preferentially excluded from the protein surface [19]. This study indicates that 
trehalose is an effective dynamic reducer of bulk water dynamics. Although the large error in 
solvation time constant in the case of tryptophan restricts our ability to make a distinction between 
trehalose and sucrose, we observed a slightly stronger concentration dependent retardation of water 
activity for trehalose than sucrose in case of LYen. Both disaccharides are effective dynamic 
reducers as well as bio-protective compatible osmolytes. This suggests that the alteration of water 
activity may be responsible for the linear enhancement in thermal stability for proteins observed 
for these disaccharides. Large differences in the thermal denaturation become apparent as the 
concentration is dramatically increased, and therefore the role of viscoelastic and glassy dynamics 
may contribute significantly to the stabilization of large macromolecules in this concentration 
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range. In conclusion, our results offer an indirect mechanism by which osmolyte molecules such 
as trehalose stabilise the protein structures by regulating the water activity at the protein surface, 
while being preferentially excluded from this interface.  
 
  Lucifer Yellow   Tryptophan 
 Conc. τ0 (fs) τ1 (fs) τ2 (ps)  τ1 (ps) τ2 (ps) 
Water 0 63.0±0.8 390±20 1.69±0.05  0.16±0.04
* 
1.02±0.12
* 
Sucrose 0.1 73.4±0.8 340±10 1.73±0.04  0.18±0.1 1.46±0.4 
Sucrose 0.25 73.2±0.7 390±10 1.99±0.04  ----- ----- 
Trehalose 0.1 73.1±0.8 380±10 1.91±0.05  0.2±0.2 1.4±0.2 
Trehalose 0.25 69.8±0.9 440±20 2.18±0.05  ----- ----- 
 
Table 1.  Time constants obtained for LYen and Tryptophan in presence of trehalose and sucrose 
at various concentrations. 
*Bräm et al.[46]  
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